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Abstract. Host populations with high genetic diversity are predicted to have lower levels
of infection prevalence. This theory assumes that host genetic diversity results in variation in
susceptibility and that parasites exhibit variation in infectivity. Empirical studies on the effects
of host heterogeneity typically neglect the role of parasite diversity. We conducted three
laboratory experiments designed to test if genetic variation in Daphnia magna populations and
genetic variation in its parasites together influence the course of parasite spread after
introduction. We found that a natural D. magna population exhibited variation in
susceptibility to infection by three parasite species and had strong host clone–parasite species
interactions. There was no effect of host heterogeneity in experimental host populations
(polycultures and monocultures) separately exposed to single strains of three parasite species.
When we manipulated the genetic diversity of a single parasite species and exposed them to
host monocultures and polycultures, we found that parasite prevalence increased with the
number of parasite strains. Host monocultures exposed to several parasite strains had higher
mean parasite prevalence and higher variance than polycultures. These results indicate that
effect of host genetic diversity on the spread of infection depends on the level of genetic
diversity in the parasite population.
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INTRODUCTION
Host populations with low genetic diversity are
predicted to have to higher infection prevalence and
intensity of disease outbreaks than populations with
greater diversity in host susceptibility (Elton 1958,
Leonard 1969, Hamilton 1987, Sherman et al. 1988,
Schmid-Hempel 1998). The effects of host genetic
diversity on disease invasion was first described in
agriculture by Elton (1958), where crops grown in
genetically homogeneous monocultures are typically
more susceptible to severe disease outbreaks than
mixtures (e.g., Browning and Frey 1969, Leonard
1969, Wolfe 1985, McDonald et al. 1988, Mahmood et
al. 1991, Garrett and Mundt 1999, Zhu et al. 2000,
Mundt 2002, Pilet et al. 2006). Support for the effects of
host genetic heterogeneity on the spread of disease has
also been found in social insects (e.g., ants [Hughes and
Boomsma 2004, Reber et al. 2008], bumble bees [Liersch
and Schmid-Hempel 1998, Baer and Schmid-Hempel
1999], and honeybees [Tarpy 2003, Tarpy and Seeley
2006, Seeley and Tarpy 2007]) and in other hosts,
including gypsy moths (Dwyer et al. 1997), water fleas
(Altermatt and Ebert 2008), water buffalos (Capparelli
et al. 2009) and humans (Lloyd-Smith et al. 2005).
However, the effect of host heterogeneity on infection is
often small and negative results are less likely to be
published (e.g., Ratnieks 1989). Van Baalen and Beek-
man (2006) showed that the effects of host heterogeneity
depend on a balance between reduced damage as a result
of infection and increased frequency of infection. While
genetic heterogeneity in host populations may slow the
spread of infection, more diverse host populations are
more susceptible to a greater range of parasites (Van
Baalen and Beekman 2006). Moreover, the advantage of
host heterogeneity depends on variation in parasite
strains, which is not addressed explicitly in most
empirical studies. Host populations composed entirely
of resistant individuals will have the lowest infection
levels if there is no variation in parasite infectivity
(Boomsma and Ratnieks 1996).
We performed three experimental studies designed to
test whether genetic variation in populations of the
crustacean, Daphna magna influences the invasion
success of microsporidian gut parasites and explicitly
investigate the role of parasite diversity. We use
microcosms to test whether monoclonal host popula-
tions exhibit variation in susceptibility to novel (allo-
patric) pathogen genotypes, how host genetic diversity
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affects the outcome of parasite introductions, and
whether parasite diversity influences infection preva-
lence. This system is ideal for studying the effects of host
genetic heterogeneity on infection dynamics because we
can conduct population-level experiments in well-mixed
populations with minimal spatial effects. Furthermore,
we can assemble monoclonal host populations because
Daphnia reproduce by cyclical parthenogenesis and can
be raised clonally under laboratory conditions.
Any hypothesis related to the spread of infectious
agents in populations with different genetic diversity
requires some form of genetic variation among hosts
with respect to disease related traits. Therefore, we first
tested for genotypic interactions in an experiment that
measured parasite spread in different monoclonal
populations of the host, D. magna. Although, genetic
variation for host-parasite interactions are known in the
Daphnia–microparasite system (Ebert 1994, Little and
Ebert 2001, Decaestecker et al. 2003), variation in the
ability to spread within populations has not been tested
before. In a second experiment, we manipulated the
genetic structure of the host population (Appendix A).
We predicted that monoclonal (monocultures) and
polyclonal (polycultures) populations of hosts would
not differ in mean parasite prevalence but would differ
in variance (Appendix B). We expected to find higher
variance among monocultures because monocultures
may be composed entirely of resistant or susceptible host
genotypes, in which case parasite prevalence will be low
or high, respectively. Due to this variation in suscepti-
bility among hosts, we expected to find medium mean
prevalence and high variance across populations of
monocultures. In contrast, polycultures are mixtures of
host genotypes and each host population will have a
greater probability of containing susceptible genotypes.
Here, we predicted that polycultures would have low to
medium mean prevalence with lower variance among
populations (Appendix B). In a third experiment, we
manipulated genetic variation in the parasite popula-
tions as well as host populations. In this case, we
predicted that host populations (monocultures and
polycultures) would differ in mean parasite prevalence
when exposed to higher parasite diversity (Appendix B).
We expected that a host monoculture would be more
likely to be susceptible to one of several parasite strains,
which would result in higher mean parasite prevalence
compared with host polycultures.
METHODS
We studied D. magna and several microsporidian
parasites. Microsporidians are the most abundant
parasites in natural D. magna populations (Stirnadel
and Ebert 1997, Bengtsson and Ebert 1998, Decaesteck-
er et al. 2005). Clones were hatched from resting eggs
collected from a large pond (about 4 ha) near Munich,
Germany (Ismaninger Speichersee area). Each clone
originated from a different resting egg. Eggs are
produced by sexual reproduction and are genetically
distinct. We reared more than 200 clones in isolation
(500-mL jars) and randomly selected clones for each
experimental treatment. No host clone was used more
than once and polycultures were composed sets of ten
different clones (Appendix A). We used 10 rearing jars
per clone to reduce possible jar effects causing differ-
ences between clones (experiment 2 used 165 clones and
1650 jars). Experimental populations were kept in 1.2 L
of artificial culture medium (Ebert et al. 1998) in 1.5-L
jars. We randomized the distribution of jars in a climate-
controlled room (208 6 18C and a 16:8 hours light : dark
cycle). We fed all populations by adding 13 108 cells of
the unicellular green alga, Scenedesmus obliquus three
times weekly. The culture medium was augmented
weekly to maintain the starting volume.
After 30 days (experiments one and two) and 24 days
(experiment three), we removed 25% of the population
(and culture medium) from each 1.5-L jar by splitting
the contents of the jar twice with a Folsom’s plankton
sample divider. The Daphnia culture medium was
replaced with fresh media after sampling. We selected
the sampling date to coincide approximately with the
parasite reaching mid-level prevalences in the host
populations. We also wanted to measure prevalence
before intraspecific competition reduced clonal diversity.
Individual hosts were examined for signs of infection
using a phase contrast microscope at 6003 magnifica-
tion. Host population size was counted for each replicate
population and ranged from 36 to 144 individuals.
Experiment one.—In the first experiment, we tested
for differences in susceptibility of different clones in
monoculture to three different microsporidian gut
parasites (Glugoides intestinalis, Ordospora colligata,
and an undescribed species, Microsporidia sp.). Each
parasite species was isolated from a single D. magna
clone in a host population in northern Germany (G.
intestinalis and O. colligata) or a host clone collected
from a population in England (Microsporidia sp.). Our
experimental design included 15 clones, four replicates
per clone, and three parasite treatments, for a total of
180 experimental populations. Hosts were exposed to
gastrointestinal parasites that were defecated by ten
infected hosts that were encaged in nets hanging in the
1.5-L jars and removed ten days after the start of the
experiment.
Experiment two.—In the second experiment, we
exposed two host population treatments (monoculture
and polyculture) to four different parasite treatments
(single strains of G. intestinalis, O. colligata, and
Microsporidia sp., and parasite absent) with 15 repli-
cates, for a total of 120 experimental populations. Every
jar contained different host clones; we did not replicate
on a clonal level in order to maximize power to see
treatment effects. As in the first experiment, host
populations were exposed to parasites that were
defecated by ten infected hosts that were held in nets
at the top of the microcosm and removed ten days after
the start of the experiment (Appendix A).
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Experiment three.—Host populations were exposed to
16 different parasite treatments: all combinations of four
strains of O. colligata and a control. Parasite strains
were isolated from individual D. magna clones collected
from populations in Belgium, Germany, England, and
Scotland. The experimental design included four repli-
cates of two host diversity treatments (monoculture or
polyculture) and 16 parasite treatments (one negative
control, four single infections, six double infections, four
triple infections and one quadruple infection), for a total
of 128 experimental populations. As before, we did not
replicate on a clonal level. Host populations were
exposed to parasites by the placement of infected hosts
in nets at the top of the jars for the first ten days of the
experiment. To minimize dosage effects, we placed 20
infected hosts above single (20 hosts infected by one
strain), double (ten hosts of each of two strains) and
quadruple infections (five hosts of each of four strains)
and 21 infected hosts (seven individuals of each of three
strains) were placed above triple infections.
RESULTS
Experiment one.—Monoclonal host populations dif-
fered strongly in parasite prevalence after 30 days or
about two host generations (logistic regression; host
clone: df¼ 14, v2¼ 145.6, P , 0.0001; Fig. 1). There was
also a strong parasite species effect on prevalence
(logistic regression; parasite, df ¼ 2, v2 ¼ 565.4, P ,
0.0001). Higher prevalence levels were reached in host
populations exposed to O. colligata and G. intestinalis,
while lower levels were found in populations infected by
Microsporidium sp. (Tukey’s hsd; a ¼ 0.05, Q ¼ 2.37).
There were significant host clone by parasite species
interactions (logistic regression; host clone3parasite: df
¼ 28, v2 ¼ 135.6, P , 0.0001; Fig. 1). No significant
treatment effects on host population size were detected
(ANOVA; host clone, F14, 134 ¼ 1.11, P ¼ 0.36; parasite
species, F2, 134 ¼ 2.87, P ¼ 0.06; host clone 3 parasite
species, F28, 134 ¼ 1.04, P ¼ 0.42).
Experiment two.—Prevalences differed among para-
site species (logistic regression; parasite, df ¼ 2, v2 ¼
98.1, P , 0.0001; Fig. 2). As found in the first
experiment, all host populations were infected at higher
prevalence levels by O. colligata and G. intestinalis than
Microsporidium sp. (Tukey’s hsd; a ¼ 0.05, Q ¼ 2.39).
Polycultures tended to have slightly higher, but not
significantly different, parasite prevalence levels than
monocultures (logistic regression; host treatment, df¼ 1,
v2¼ 1.76, P¼ 0.18). There was no significant interaction
between host treatment and parasite species (logistic
regression; df ¼ 2, v2 ¼ 0.70, P ¼ 0.71). Contrary to
expectations, monocultures and polycultures did not
differ in variance of parasite prevalence (Levene test;
F1,87 ¼ 0.27, P ¼ 0.60). Host population size was not
affected by parasite species (ANOVA; F2,84 ¼ 1.6, P ¼
0.21), host treatment (monoculture or polyculture,
ANOVA; F1,84 ¼ 0.87, P ¼ 0.35), or their interaction
(ANOVA; F2,84 ¼ 1.09, P ¼ 0.34).
Experiment three.—In both host population treatment
groups, parasite prevalence increased strongly with
number of strains of the gut parasite, O. colligata
(Kruskal-Wallace test; v2¼ 10.94, df¼ 3, P¼ 0.012; Fig.
3). Overall, parasite prevalence was greater in host
monocultures than host polycultures (logistic regression;
host population treatment, df ¼ 1, v2 ¼ 6.24, P ¼ 0.01).
Host population sizes were not affected by parasite
treatment (ANOVA; F15, 110¼ 0.35, P¼ 0.56). Although
monocultures and polycultures differed in mean preva-
lence, variances did not differ as predicted; host
polycultures had significantly lower variance than
monocultures when exposed to three parasite strains
(Levene test; F1,30¼ 4.5, P¼ 0.04) but not when exposed
FIG. 1. Mean parasite prevalence (6SE) in monoclonal host populations 30 days after they were exposed to three gut parasite
species (Glugoides intestinalis, Ordospora colligata, and Microsporidium sp.). Fifteen different host clones are indicated by color.
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to one strain (Levene test; F1,30 ¼ 0.53, P ¼ 0.47), two
strains (Levene test; F1,44 ¼ 0.21, P ¼ 0.65), or four
strains (Levene test; F1,6 ¼ 0.88, P ¼ 0.38).
DISCUSSION
We tested the hypothesis that genetic variation in both
host and parasite populations affects infection dynamics
in host populations exposed to novel parasite strains.
Our results indicate that levels of parasite prevalence
depended on the genetic variation in populations of D.
magna and its parasites. While infection prevalence
increased with parasite strain diversity in all host
populations, prevalence was significantly lower in
genetically diverse host populations when they were
exposed to more than one parasite strain. Thus,
genetically diverse host populations were more resilient
to introductions of novel parasite genotypes than
monocultures when there was variation in the parasite
population. Invasions from different sources, as mim-
icked in our experiment by the addition of isolates from
different geographic areas, can augment genetic diversity
and contribute to the success of the invader (reviewed in
Dlugosch and Parker 2008).
In order to test for effects of diversity on the success
of introductions of novel parasite strains in experimental
host populations, we selected host clones randomly,
relying upon the naturally occurring variation in host
susceptibility arising after sexual reproduction in one
large D. magna population. We showed in the first
experiment that this population exhibited variation in
host susceptibility to infection by three microsporidian
parasite species. In addition, we found a strong
interaction between host clone and parasite species such
that the level of parasite prevalence attained by one
species in a specific host clone is a poor predictor of
prevalence by another parasite species in the same host
clone. Such interactions in parasite performance traits
were found in another D. magna population (Deca-
estecker et al. 2003) and may be the rule in this system
(Ebert 2005). These results indicate that there is genetic
variation in host susceptibility in the receiving popula-
tion and that host resistance is specific in its interactions
with different parasite species. Further, no host clone
was superior in its resistance to infection.
When we manipulated the diversity of host popula-
tions and exposed them to single parasite strains, we
predicted that host monocultures and polycultures
would not differ in mean infection prevalence but would
differ in their variances (Appendix B). In agreement with
our prediction, polycultures had similar infection
prevalences as monocultures when exposed to a single
strain of each of three parasite species. However,
contrary to our prediction, there was no difference in
variance of parasite prevalence. This finding was
explained by the results of our third experiment where
we also manipulated parasite diversity and exposed host
populations to up to four parasite strains. Here, we
found that monocultures and polycultures differed in
both mean prevalence overall and variance at interme-
diate levels of strain number, as predicted. Overall
parasite prevalence increased as expected with the
number of parasite strains in both monocultures and
polycultures (Fig. 3). Prevalence may increase with
number of strains due to an increased likelihood of
matching between host susceptibility and parasite
infectivity as strain number increases. Such a sampling
effect would also affect the chance that one of the host
FIG. 2. Mean prevalence (and SE) in monoclonal (white
bars) and polyclonal (black bars) populations of D. magna 30
days after exposure to three different parasite species (G.
intestinalis, O. colligata, and Microsporidium sp.).
FIG. 3. Mean parasite prevalence (6 variance) in monoclo-
nal (black circles) and polyclonal (red triangles) populations of
D. magna 24 days after exposure to as many as four different
strains of a single parasite species (O. colligata).
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clones in a polyculture would be susceptible to a parasite
strain, which might account for the higher than expected
variance detected in polycultures exposed to low parasite
diversity.
In the present study, the effect of host heterogeneity in
D. magna populations exposed to multiple strains of a
parasite depended on parasite diversity. In a field
experiment with the same host, Altermatt and Ebert
(2008) showed that a different parasite (Octosporea
bayeri ) spread faster in D. magna populations of low
diversity compared with host populations of high
diversity but they detected no effect of parasite diversity.
The differences in outcomes may reflect our experimen-
tal design. We were more likely to detect an effect with
our factorial design (all combinations of four parasite
strains or sixteen parasite treatments) than their
unreplicated parasite treatment (low and high). Alter-
matt and Ebert (2008) further suggest that their
treatment of parasite diversity may have differed less
than expected if there was unidentified diversity within
the parasite isolate used for the low treatment. For many
infectious diseases, individual hosts are commonly
infected by multiple genotypes of the same pathogen
(reviewed in Read and Taylor 2001). Finally, we may
have obtained different results because our experiments
model the invasion of highly diverse parasite strains
collected from different countries (the closest parasite
population was more than 850 km away from the host
population), while Altermatt and Ebert (2008) studied
parasite stains that were collected locally (but not from
the same rock pools).
In summary, the ability of three different parasite
species to spread in D. magna populations depended on
host clone with strong host clone by parasite species
interactions. In agreement with theoretical predictions,
there was no effect of host genetic diversity in D. magna
populations exposed to single strains of three parasite
species. When parasite diversity is low, heterogeneous
host populations may experience no benefit of diversity
because they are more likely to contain a susceptible
host (Van Baalen and Beekman 2006) and homoge-
neous host populations are predicted have the lowest
infection levels if they contain a resistant host genotype
(Boomsma and Ratnieks 1996). When we manipulated
parasite diversity in experimental D. magna populations,
we observed that mean parasite prevalence increased
and variance in parasite prevalence decreased as the
number of strains of O. colligata increased. Host
monocultures exposed to several parasite strains had
higher mean parasite prevalence than host polycultures.
Thus, the benefit of host heterogeneity in susceptibility
arose when parasite diversity was higher, which supports
the prediction that genetic diversity in parasite popula-
tions increases the probability that a homogeneous host
population is susceptible to one of the parasite strains
(Van Baalen and Beekman 2006). The effect of host
genetic diversity on disease risk is conceptually similar to
the dilution effect (e.g., Van Buskirk and Ostfeld 1995),
which predicts that higher species diversity lowers
infection prevalence. Many studies of the dilution effect
have found that disease risk decreases with higher host
diversity but species diversity has also been shown to
increase disease prevalence (e.g., Bowers and Begon
1991, Begon et al. 1992, Power and Mitchell 2004). The
effect of an additional species on infection prevalence in
a population depends on its ability to serve as a
pathogen reservoir (Power and Mitchell 2004, Keesing
et al. 2006). The results presented here suggest that
future studies on the effects of host diversity on the
spread of infectious disease should also explicitly
consider the role of parasite diversity.
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APPENDIX A
A figure showing how 10 jars of host clones were combined to create each experimental polyculture and monoculture (Ecological
Archives E091-088-A1).
APPENDIX B
A figure showing predicted mean parasite prevalence and its variance across replicates in experimental host populations in
relation to host and parasite diversity (Ecological Archives E091-088-A2).
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